dramatically different community assembly processes. Remarkably, an efficient anode 48 colonization process was obtained only if unfiltered wastewater was added, leading to a near-49 complete replacement of the bioaugmented community by Geobacter lovleyi. We propose that 50 anode bioaugmentation reduced stochasticity by creating available niches that were quickly 51 occupied by specific newly-arriving species that positively supported the fast establishment of a 52 highly-functional anode biofilm. (Logan, 2009; Lovley, 2006) . EET is a key metabolic processes that facilitates 60 organic matter degradation by anaerobic microbial communities in natural environments under 61 specific redox gradients (Stams et al., 2006) . The electroactive biofilm formation process on the 62 anode-surface is critical for an efficient electricity producing MFC (Kumar et al., 2015; Li and 63 Cheng, 2019) , and changes in this biofilm consequently strongly affect its electrical output.
64
Hence, the anodic biofilm microbial composition and function has been considered a vital 65 component of the MFC performance, and the metabolic processes that characterize it have been 66 intensively studied (Chae et al. 2009; Beecroft et al. 2012; Commault et al. 2015; Lee et al. 2015;  67 Cui et al. 2016; Hodgson et al. 2016; Paitier et al. 2016; Yanuka-Golub et al., 2016; Ishii et al., 68 2018).
69
Establishment of the anodic biofilm, especially in the initial stages of colonization, involves 70 both stochastic and specific selection processes that eventually dictate subsequent biofilm 71 community composition at steady state, defined as a stable maximal current density (Zhang et al., 72 2019; Zhou et al., 2013) . The colonization of MFC anodes is generally regarded as a gradual 73 stochastic process (Beecroft et al., 2012; Chignell et al., 2018; Ishii et al., 2017) . Accordingly, 74 our recent results also show that MFCs operated similarly from the same inoculum can 75 substantially vary in lag times (i.e. the time at which current reached a minimal value that is above 76 the baseline value) and startup times (i.e. the time to reach stable maximal current generation) 77 showed different microbial electroactive communities once in steady state. While most studies 78 focus primarily on biofilm formation on clean surfaces (Brislawn et al., 2019; Fillinger et al., 79 2019; Zhang et al., 2019; Zhou et al., 2013) , here we explored the effect of community assembly 80 processes when the anode surface was pre-colonized (bioaugmented) by a defined electroactive 81 consortium (designated as EDC) on MFC startup. Such pre-colonization is expected to enhance 82 deterministic factors relative to stochastic ones in the formation of the mature, anode biofilm at 83 steady state. We show that by augmenting the anode surface with EDC, the microbial performance 84 was dramatically stimulated to produce an outstanding rapid current compared with a slow startup 85 when the anode surface was not applied as such. Importantly, optimal performance was observed 86 by the augmented anode only when supplemented with wastewater, which points to key 87 interspecies-interactions that were dependent on specific newly arriving species provided through 88 4 the wastewater.
89

Materials and Methods
90
MFC Setup, experimental design and operation
91
Single-chamber, air-cathode MFCs were used for the enrichment of electroactive bacteria and 92 suspended-cells (plankton) communities, as previously described (Yanuka-Golub et al., 2016) .
93
The experimental setup aimed to directly apply on the anode surface an electroactive-consortium, 94 EDC, composed of >50% Desulfuromonas spp.) enriched from an active MFC ( Figure 2 ). Before 95 comparing between processes governing microbial community assembly and succession on clean 96 anodes to those pre-applied with EDC, three independent experiments (total N=16) were 97 conducted to determine average startup rates of replicate MFC reactors inoculated using a fresh 98 diluted wastewater (10% v/v) sample as the microbial source (wastewater was sampled the day 99 prior to experiment initiation; therefore, each experiment (1-3) had a different starting microbial 100 composition, Supplementary Figure S1 ). The development of MFCs' current density was best 101 described by four different phases (Supplementary Figure S1 ): I. Lag phase (designated as lag 102 time, Tλ): Base-line current production (0-9.2 mA/m 2 ). II. Initial phase: initial current production 103 (defined as > 9.2 mA/m 2 ). III. Exponential phase: a rapid (close to linear) increase in current. IV.
104
The mature phase: current production reaches an asymptotic value, representing the maximal 105 current possible for this system when organic substrate is not limited. The lag phase is defined 106 here as the time until the MFC reaches 9.2 mA/m 2 . This value was chosen arbitrarily as a value 107 that is higher than base-line current, indicating that the biofilm is starting to acclimate to the 108 anode, yet it is still in an initial stage of development. Startup time was defined as the time to 109 reach steady-state current production, i.e. the time to reach the maximum current that a particular 110 anodic biofilm is able to produce under specific given conditions.
111
Applying the enriched Desulfuromonas Consortium on the anode surface
112
We specifically chose to sample an anode from an MFC that had been operating for 40-days 113 (reached steady state voltage generation). Based on previous results (Yanuka-Golub et al., 2016) , 114 the anode was assumed to be colonized by members of the Desulfuromonadaceae family; and 115 this was later verified by 16S rRNA gene amplicon sequencing (Supplementary Figure S2 ).
116
Anode samples were plated on bicarbonate sodium fumarate plates and incubated anaerobically 117 until light-orange-colored colonies appeared after three weeks (Badalamenti et al., 2016; Finster 118 et al., 1997; Kuever et al., 2015) . For taxonomic identification, the 16S rRNA gene of selected 119 colonies was sequenced and compared to NCBI database. Notably, while the orange colonies 120 were identified as belonging to the Desulfuromonas genus, we were not able to obtain them in an 121 entirely pure culture, despite several rounds of isolation on solid media; we thus considered them 122 as an enriched Desulfuromonas consortium, hereafter referred to as "EDC". For each MFC, 123 5 several EDC colonies collected from the same Petri dish were applied directly on the anode 124 surface (i.e. bioaugmentation). To examine the microbial composition of the original consortium, 125 EDC was sequenced via 16S rRNA amplicon sequencing and shotgun metagenomics. Both 126 methods showed that Desulfuromonas acetexigens was the species most closely related to the 127 Desulfuromonas enriched in EDC (this was verified by mapping shotgun metagenome reads to 128 the recA gene that served as a taxonomic marker).
129
The consortium was directly applied onto a clean anode in MFCs inoculated either with a diluted Figure S3 ). At this time point (day ~1.75) the anode was sampled (referred to as 140 EDC+B). Following, the media of one selected reactor was immediately switched to diluted 141 wastewater, which resulted in an immediate voltage increase. After maximum current density was 142 reached, the anode was sampled again (referred to as EDC+B--WW), Figure 2B . Essentially, 143 EDC+B--WW resembled EDC+WW, experimentally, except EDC+WW was inoculated with 144 diluted wastewater from day zero and EDC+B--WW after 42 hours.
145
Details of the how electroactive bacteria were enriched from a working MFC anode is described 146 in Figure 2A and in Supplementary methods.
147
DNA extraction and microbial community analysis
148 Anodic biofilms and planktonic cells from the MFC systems were sampled at different time points 149 for community and phylogenetic analysis, as previously described (Yanuka-Golub et al., 2016) .
150
For treatment groups EDC+WW, EDC+FWW and WW, planktonic cells were sampled at three 151 time points (day 1, day 3 and time at which steady-state current production was achieved -SS; N 152 = 2). Day zero was considered as either filtered or unfiltered inoculum source. Briefly, total DNA 153 was extracted from anodic biofilms or from the suspended cells using the PowerSoil DNA Previous results have shown that electroactive biofilm assembly process on clean anode surfaces, 187 starting from the same inoculum can be highly stochastic, leading to different startup times and 188 community composition (Yanuka-Golub et al., 2016) . We repeated this on a larger scale, 189 following sixteen reactors inoculated with diluted wastewater and clean anode surfaces for as long 190 as it took them to achieve stable current production (defined as "start-up time", Figure 1 ). Startup 191 time again showed high variation between cells (18.83±7.11 days), while lag times (the time to 192 achieve primary current production, see methods) tended to be more similar among the 16 reactors 7 (4.92±1.04 days, Figure 1 ).
195
We hypothesized that in order to reduce the high stochasticity characterizing early biofilm 196 assembly, deterministic factors should be enhanced by pre-colonizing the anode surface with a 197 defined microbial community composed primarily of electroactive species. We thus augmented 198 MFC anodes by directly applying a microbial electroactive consortium isolated from a working 199 anode (Figure 2A ). This consortium (EDC) was dominated by two or more Desulfuromonas 200 strains that were distantly related to D. acetexigens (ANI of 91.5-92.1%, Figure 3 Figure S7) , indicating that this inoculum has some limited 229 electrogenic biofilm forming potential. In contrast, no difference was observed among the three 230 treatments for maximal current density obtained ( Figure 4C ). Therefore, we next asked which 231 factor(s) led to such a strong synergy between the wastewater "source community" composition 232 and the pre-colonized anode community, which together achieved a dramatically higher 233 functional anode biofilm. 
246
The importance of analyzing the planktonic community dynamics lies in the two potential sources 247 of the planktonic bacteria. The first is the wastewater in the MFC that provide a microbial source 248 (i.e. a pool of newly-arriving species), and the second is cells that are released from the anodic 249 biofilm into the bulk liquid. The latter implies that the planktonic community can potentially 250 reflect the anodic biofilm assembly (Yanuka-Golub et al., 2016) , without harming the anode.
251
Following planktonic community dynamics is especially important during the very early stages 252 when the interaction between deterministic and stochastic processes can substantially affect the 253 interaction between the new-arriving species with the founders (Tilman, 2004) . All microbial 254 communities were analyzed by 16S rRNA gene amplicon sequencing (see Methods).
256
Overall the communities could be assigned to four clusters according to their composition (PcoA 257 analysis, Figure 5A Table 4 ). On the 267 other hand, while anode samples of cluster II and III were somewhat similar according to the 268 weighted distances, the planktonic samples of these two groups clustered exclusively together 269 according to all distance measures ( Figure 5B , Supplementary Table 4 ). This may suggest that 270 the difference between cluster I and clusters II/III was caused by the emergence of specific 271 taxonomic groups originating from the wastewater "source community", as well as specific 272 interspecies interactions that may have occurred between those "source communities" and the 273 communities that already pre-colonized the anode by applying EDC on its surface.
274
It was intriguing that although both anodic and planktonic communities of cluster II and cluster 275 III (EDC+WW and WW, respectively) were taxonomically similar, each system exhibited a 276 substantial different startup time ( Figure 4A-B) . While alpha diversity indices, except PD 277 (Shannon and Simpson) of the clean anode samples were significantly higher than those of the 278 EDC pre-colonized anode surface, all three alpha diversity indices' values of the total planktonic 279 community did not differ between EDC+WW and WW groups ( Figure 6A ). Nevertheless, already 280 on the first day (day 1), PD differed between the two groups, while no differences were observed 281 for other alpha ( Figure 6B ) and beta diversity distances ( Figure 5C ) at this time point. Later, on 282 day 3, the samples of both treatment groups clustered separately ( Figure 5C ), in agreement with 283 the three alpha diversity indices at this time point ( Figure 6B ). Remarkably, the mean lag time of 284 EDC+WW was 1.3 (±1.5) days and the time it took the bioreactors to reach maximal current 285 density was between 2.2 and 5.7 days (3.8±1.4 days, Figure 4B Figure 7A ). Comparing the planktonic 296 sequences of day 1 showed that only one OTU was significantly differentially abundant in 297 EDC+WW (from Flavobacteriia), subsequently, this OTU on day 3 became differentially 298 abundant in the WW planktonic community, and was replaced by a different OTU (from 299 Sphingobacteriia) in the EDC+WW planktonic community ( Figure 7B) . In steady-state, 63 300 sequences were identified to be significantly differentially abundant in the WW planktonic 301 community ( Figure 7B Figure 7A) , as well as, the strong taxonomic association between the EDC+WW and WW anode 311 samples (Supplementary Figure S8) . Taxonomic observations of shotgun metagenomics data 312 revealed important differences between cluster I and II, Figure 8A . First, the most abundant family 313 belonging to Deltaproteobacteria in cluster I was Desulfuromonadaceae, originating from the 314 bioaugmenting consortium, as described above. However, the most abundant family in cluster II 315 was Geobacteraceae, which reached 39% of total community. While in sample EDC+WW
316
Geobacter lovleyi was the single species that dominated (31%), in WW without an EDC 317 pretreatment, other Geobacteraceae species were more abundant relative to other samples. 
325
Comparing anode samples applied with EDC inoculated with clean buffer to those inoculated 326 with filtered wastewater revealed potential essential bacteria that were lacking in EDC, including 327 members of Flavobacteriales, Sphingobacteriales, Rhizobiales and Rhodospirillales.
328
Interestingly, amplicon sequences belonging to these classes were detected by DESeq2 as 329 11 differential when compared between groups WW and EDC+WW ( Figure 7A ), further 330 supporting their importance as key members during biofilm formation.
332
The highly-functional anode-colonizing community was linked to chemotaxis regulation, 333 type IV pilus assembly and colonization proteins 334 To better understand how the taxonomic differences correspond to functional differences, we 335 compared the abundances of KEGG ortholog functions (KOs) in the six anode biofilm 336 communities. Overall, the six samples had a relatively similar functional profile with two clusters 337 splitting at ~75% similarity (based on Bray-Curtis dissimilarity index, Supplementary Figure S8 ).
338
Notably, while the anode sample EDC+FWW was related in terms of predicted functions to 339 samples WW and EDC+WW, taxonomically it clustered with EDC and EDC+B ( Figure 8A and 340 8B). A higher number of proteins associated with motility, chemotaxis, signal transduction, 341 membrane transport and carbohydrate metabolism was observed in the anodic biofilms belonging 342 to cluster II and sample EDC+FWW. Sample EDC+WW had a unique functional profile, 343 explicitly resulting from the coupling of wastewater and the pre-colonized anode ( Figure 8B ). Six 344 protein coding genes were found to be specifically associated with samples EDC+WW and WW 345 and not in EDC+FWW (marked yellow, Figure 8B ). Four were associated with KEGG metabolic 346 pathways (fumarate reductase, glutamate synthase, nifE and homocysteine methyltransferase). 
361
Discussion
12
Random and non-random processes that govern microbial community assembly and succession 363 on surfaces have long been of great interest for a wide range of community ecology disciplines, 364 including plants, algae and microorganisms (Jackson, 2003) . In microbial systems, most studies 365 are associated particularly with the colonization of new substrates, following the model suggested 366 by Jackson (2003), which describes the changes in community properties that occur during 367 bacterial biofilm succession starting from the very early stages until the biofilm is well 368 established. Conversely, in this study, we explored which factors drive biofilm assembly on a pre-369 colonized surface, which is especially relevant when applying bioaugmentation for in-situ 370 bioremediation of natural environments (Tyagi et al., 2011) or wastewater treatment (Herrero and 371 Stuckey, 2015) . In groundwater, it has been shown that the composition of sediment-attached 372 communities can differ substantially compared to suspended planktonic communities (Fillinger 373 et al., 2019; Lehman et al., 2001) , therefore, using MFC reactors as a model system allows full 374 control of the environmental conditions and easily differentiating between surface-attached (i.e. 375 anodic biofilm) and suspended communities (Zhang et al., 2019; Zhou et al., 2013) . Furthermore,
376
MFCs' current density serves as a bio-signal directly associated with the anodic microbial 377 community performance and biofilm formation stages with time, as illustrated in Figure 1 (Lonergan et al., 1996) , occupy similar niches and use the same carbon sources and electron 398 acceptors (both in engineered and natural systems), it is reasonable to hypothesize that when 399 seeded at time zero, these groups (as planktonic, free-living cells in the bulk liquid) compete for 400 the same resources (electron donors and available space to attach to the anode, colonize and 401 transfer electrons to it).
402
Anode biofilm composition of the two groups EDC+WW and WW at steady-state conditions was 403 highly similar, yet, MFCs exhibited substantial different startup times. This fundamental 404 difference was hypothesized to occur already at early time points due to specific interactions 405 between the planktonic community and EDC-pre-colonizers on the anode surface of EDC+WW. 
414
Furthermore, Sphingobacteriia were previously reported in bioelectrochemical devices both at 415 the plankton fraction and anodic biofilm as homoacetogens or fermenters of complex organic 416 substances that support electrogenic species within the biofilm through syntrophic interactions 417 (Gao et al., 2014) . Additionally, nitrogen fixation-related genes (nifE and nifH) were mostly 418 abundant with EDC, EDC+WW and WW anode biofilms. While nifE in the latter two groups was 419 affiliated with Geobacteraceae family members, in the former ones it was associated with A, 420 hydrophilus and D. acetexigens (Supplementary Figure S9) . Overall, the combined results from 421 amplicon sequencing with the taxonomic and functional classifications obtained by shotgun 422 metagenomics illustrate that only when supplemented with a full diversity inoculum of 423 wastewater, a replacement of the founder species, EDC, (as well as key functional traits) on the 424 anode biofilm occurred (i.e. a nearly complete turnover). Interestingly, even though the filtered 425 wastewater did contain specific species that allowed an improved startup time relative to control 426 MFCs, they did not eventually replace any of the founder species of EDC at steady state.
427
The question which ecological processes underlie the fate of founder species and to which degree 428 their early abundance relate to their persistence as the community matures is still open and 429 14 unexplored (Brislawn et al., 2019) . Turnover is defined as an ecological process in which new 430 taxa from a regional species pool are introduced into a given spatial domain; and successfully 431 colonize it resulting in replacement of the existing taxa (Baselga, 2012) . Alternatively, nestedness 432 occurs when migration from the regional species pool is unsuccessful, leading to species loss 433 without replacement of the invaded community by new arriving species (Baselga, 2010).
434
Turnover and nestedness in turn were shown to influence microbial community dynamics and 435 function in complex ecosystems (Graham et al., 2017; Stegen et al., 2018) . However, we are still 436 far from understanding comprehensively the feedback mechanisms that control these succession 437 patterns, consequently limiting our ability to predict them. In this study, two different mature 438 communities had very similar taxonomic and functional configurations; yet, the early-stage 439 assembly processes substantially differed between them, resulting in different start up times.
440
Thus, we show for the first time that pre-colonizing the anode surface with a defined electroactive 441 consortium led to a strong synergy between the planktonic "source community" and the pre-442 colonized anode community. Essentially, we suggest that the pre-colonized anode created specific 443 niches that became available and were quickly occupied by the newly-arriving species, especially 444 key members that are biofilm formers (i.e. Flavobacteriia and Sphingobacteriia) that aided the 445 electrogenic bacteria in establishing a highly-functional anode biofilm via syntrophic interactions.
446
This enhanced niche-based processes dramatically stimulated the MFC performance, and thus 447 offer a new approach for minimizing the system's stochasticity and a better way to select for the 448 most efficient microorganisms for environmental biotechnologies. 
